Attenuation correction is a cornerstone in quantification of PET data. It ensures that some more or less arbitrary counts per seconds are converted to true Becquerel per milliliter which in turn enables the estimation of biologically relevant parameters. Basically, it allows the transformation of physical into physiological parameters. But it also ensures that any structures with a homogeneous tracer distribution appear precisely as such-homogeneous. This holds true for all PET imaging whether it is used for oncology, neurology, or cardiology. In oncological imaging, the co-reading of attenuation (AC) and non-attenuation-corrected (NAC) data is a recommended procedure. Misalignment between the emission and transmission data results in artifacts stemming from these data inconsistencies which the reconstruction algorithm typically is naturally not aware of. Fortunately, oncological imaging is focused on the detection of focal lesions and rather irregular structures. Thus, in NAC oncological images, the lesions are usually still visually detectable. Unfortunately, the same is not applicable to cardiac PET imaging. As Figure 1 shows, PET NAC data of the heart are basically useless. Without correcting for attenuation
(and also scatter), the image intensity rapidly drops toward the image (i.e., body) center as not only a single photon (as this is the case for SPECT) but both photons from the positrons' annihilation event must escape undisturbed from physical interactions from the body. Consequentially, in cardiac imaging, a homogenous uptake (such as a normally perfused left ventricle with a relatively constant wall thickness) is not constant at all but a function of the distance to the body surface with tracer uptake in the inferior wall so massively reduced that the clinical information is almost negligible ( Figure 1 ). As mentioned, cardiac SPECT imaging does suffer from this problem to a much lesser degree and the majority of myocardial perfusion imaging (MPI) is performed in this way. Although there is still work performed in this arena, some members of the latest generation of dedicated, fast SPECT cameras operate in non-attenuation correction mode only. 1 The problem per se gained relatively rapid attention with the introduction of PET/CT systems. 2, 3 The fact that the CT scan took only a few seconds but the cardiac PET scan was acquired for 10-20 min introduced a systematic difference between data which were acquired over many respiratory cycles (PET) using rotating 68-Ge rod sources and one which basically represented a snapshot of a given respiratory status (CT). This CT scan was then converted to a so-called lmap to address the difference in photon absorption between the relatively low-energy x-ray photons and the 511 keV photon from the positron annihilation. Unfortunately, the initial idea of acquiring CT data which were also blurred over many respiratory cycles resulted in a significant radiation exposure. 4 However, this study revealed that a very rapid, ultra-low-dose scan showed a similar performance to the acquisitions in a conventional PET with rotating rod sources. Yet, it was very fast clear that a correct alignment was mandatory as the PET/CT cardiac data as acquired resulted in clinically relevant artifacts in 20%-30% of all cases. [5] [6] [7] Interestingly, the number of publications addressing this issue is relatively low-given its relevance. There were more attempts to optimize respiratory-averaged CTs 8 or to acquire several CT scans and then pick the optimal matching one, but due to the increased exposure to ionizing radiation this appears to be suboptimal. 9 We think it is fair to assume that the technique of choice today is the manual alignment between PET and CT. Careful quality control and strict rules on how to perform the manual registration are required for reproducible and reliable results but manual interactions are always prone to failure. The study by Slomka et al addresses this critical issue with a software-based approach in 82-Rb cardiac PET/CT using invasive catheterization as gold standard. 10 Interestingly, they conclude that the optimal strategy is to perform a rigid alignment only in those cases which were identified as misaligned by means of visual assessment. This raises an interesting point: the technologist must be able to rapidly detect such a misalignment. As PET scanner user interfaces are focused on non-cardiac scans, such a suitable visualization is not necessarily available-although it would be very valuable. Surprisingly, the rate of unsatisfactory alignments of the data acquired ''as is'' is rather high with around 51% (stress) and 55% (rest). This outlines again the necessity of strict quality control and proper registration. An additional interesting finding is the fact that the rigid alignment was superior to the elastic approach using a semi-commercial tool box. This hints in the direction that advanced algorithms work better in a somewhat controlled research settings but the clinical robustness might require a reduced level of complexity. Slomka et al also report that many mismatches were observed although proper breathing commands were given. 10 We completely agree with the fact that end-expiration is the proper position but we found that training of the patient or even the absence of any breathing command is the good preparation for such a scan as quite a number of patients interpret such a command as the last chance to inhale and then stop breathing.
In addition to an improvement in diagnostic accuracy in static imaging, accurate and ideally automatic attenuation correction is relevant in dynamic imaging as well. 11 Absolute quantification e.g., of absolute myocardial blood flow showed advantages in diagnosis, prediction, and monitoring of cardiovascular diseases. 12 Thus, a reduction of artifacts is an important element. In dynamic imaging, patient motion might occur anytime and the time after the end of the pharmaceutical stress test appears to be especially vulnerable to it. In such a setting where motion correction has to be performed in 10 or 20 frames, manual procedures are tedious and might become unreliable. Thus, automated processing becomes especially important in such applications.
A similar argument is applicable to dual gated PET/ CT scans where both the respiratory and the cardiac motion are measured and compensated. These acquisition modes might show their potential in the accurate delineation of tracer uptake in the coronaries. 13 However, in such a setting, an image-based registration will most likely be replaced by elastic registration, ideally incorporated in the image reconstruction to make optimal use of all emission events acquired.
14,15 An alternative to rigid or elastic registration of the CT would be the modification of the CT to achieve consistent results. 5, 16 It is also worthwhile pointing out that the general problem is not limited to PET/CT but affects also cardiac PET/MR. In this latest addition to nuclear cardiology's armamentarium, an MR scan is converted to a lmap for attenuation correction. 17 A scan repetition is simple as it is fast and is not associated with ionizing radiation, but the need to make this decision after identifying misalignment is still there. However, we and others found that the lmap scan in cardiac PET/MR is typically well aligned. 18, 19 The reason is threefold: MRI is a motion-sensitive technique and an elastic belt is the standard equipment. In addition, cardiac MRI is typically acquired in end-expiration so the patient is already used to keep this position. Finally, as the respiratory motion is permanently displayed on the scanners console, it is easy to confirm the patient's respiratory status. Still, as Figure 2 shows, misalignment is possible and results in the same and potentially severe artifacts as in PET/CT.
To conclude, accurate attenuation correction is vital for static, dynamic, and acquisition schemes which are Figure 2 . Example of a cardiac 13 NH 3 PET/MRI scan with a misaligned MR-derived lmap and the scan after correcting the lmap for misalignment (6 mm). In this case, a significant lung uptake of 13 NH 3 was present and was projected onto the chest wall-lung interface fully obscuring the reduced perfusion in the lateral wall of this infarct patient. even more complex. Unfortunately, most of the advanced correction schemes are still in the domain of research institutions but approaches which appear capable for routine use are starting to appear. 20 As the number of competing imaging modalities is increasing, substantial efforts such as the work by Slomka et al are needed to minimize the number of artifacts in cardiac PET in order to maintain its full potential.
